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Neural crest (NC) cells have been elegantly traced to follow stereotypical migratory pathways throughout the vertebrate embryo, yet we still
lack complete information on individual cell migratory behaviors and how molecular mechanisms direct NC cell guidance. Here, we analyze the
spatio-temporal migratory pattern of post-otic NC and the in vivo role of the small Rho GTPase, RhoA, using fluorescent cell labeling, molecular
perturbation, and intravital 4D (3D+ time) confocal imaging in the intact chick embryo. We find that the post-otic NC cell migratory pattern is
established in two phases with distinct cell migratory behaviors. An initial wide front of lateral-directed NC cells, led by NC from rhombomere 7
(r7), move as a distinct subpopulation. This is followed in time by fewer NC cells that migrate collectively from r7 to r8 in a follow-the-leader
manner with extensive cellular extensions between cells. We show that post-otic migratory NC cells express RhoA, using RT-PCR on isolated,
flow cytometry sorted NC cells and in neural tube culture explants. When RhoA function is altered by expression of a dominant negative or
constitutively active form, or injection of C3, there are two major consequences. RhoA constitutively active expressing NC cells are less
directional, slower and form fewer follow-the-leader chain assemblies. NC cells expressing RhoA-DN are less affective in retracting filopodia,
migrate slower and also form fewer follow-the-leader chain assemblies. Together, these alterations to NC cell intrinsic signaling and cell–cell
contact disrupt the precise spatio-temporal post-otic NC cell migratory pattern.
© 2007 Elsevier Inc. All rights reserved.Keywords: RhoA; Neural crest; Post-otic; Migration; Chick; Confocal; Time-lapse; ImagingIntroduction
Programmed cell invasion is a key aspect of morphogenesis
in many developmental and adult systems. The invasion process
is often highly coordinated in space and time. Migratory cells
emerge within a temporal window and follow stereotypical
migratory pathways to precise peripheral targets. In recent
years, advances in imaging have led to more detailed
characterization of complex cell migratory patterns in several
systems including embryonic primordial germ cells (Blaser et
al., 2005; Molyneaux and Wylie, 2004), Drosophila border
cells (Fulga and Rorth, 2002) and the rostral migratory stream
of the central nervous system (Murase and Horwitz, 2004).
These pioneering studies combined molecular perturbations⁎ Corresponding author. Fax: +1 816 926 2074.
E-mail address: pmk@stowers-institute.org (P.M. Kulesa).
0012-1606/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2007.08.027with in vivo time-lapse imaging in a powerful manner to shed
light on how local cell behaviors produce global cell migratory
patterns.
One of the major migratory cell populations in the
vertebrate embryo is the neural crest (NC). NC cells contribute
to and coordinate the assembly of the peripheral nervous
systems, protect the body from external conditions and play
key roles in craniofacial and cardiac development (Le Douarin
and Kalcheim, 1999). Intriguingly, NC cells that arise in the
head and trunk sort into stereotypical migratory patterns
consisting of discrete streams (Erickson, 1987; Krull, 2001;
Lumsden et al., 1991; Schilling and Kimmel, 1994; Sechrist et
al., 1993; Serbedzija et al., 1994; Kulesa and Fraser, 1998;
Halloran and Berndt, 2003; Trainor, 2005; Kasemeier-Kulesa
et al., 2005) that terminate in specific peripheral locations
(Köntges and Lumsden, 1996; Couly et al., 1996; Santagati
and Rijli, 2003). Importantly, a subpopulation of NC cells, the
post-otic NC, have been elegantly traced in static cell lineage
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cardiovascular (Le Lievre and Le Douarin, 1975; Kirby et
al., 1983; Phillips et al., 1987; Miyagawa-Tomita et al., 1991;
Kuratani and Kirby, 1991; Kuratani, 1997, Couly et al., 1998;
Jiang et al., 2000) and enteric nervous systems (LeDouarin
and Teillet, 1973; Epstein et al., 1994; Burns and Le Douarin,
2001) and hyoid bone (Couly et al., 1996; Köntges and
Lumsden, 1996). In contrast, much less is known about post-
otic NC cell migratory behaviors and early spatio-temporal
migratory pattern from the neural tube to the branchial arches.
Thus, it is clear that one of the first steps in analyzing the
molecular choreography underlying the programmed invasion
of post-otic NC cells is a detailed in vivo investigation of the
cell migratory pattern.
Even with our increasing knowledge of the complexity of
NC cell migratory behaviors, there is relatively little known
about how individual NC cells interpret and translate guidance
cues into directional movements. The coordination of cytoske-
letal elements during cell migration is achieved through small
guanosine triphosphatase binding proteins (GTPases) (Rafto-
poulou and Hall, 2004). One member of the Rho family of
GTPases known to play an important part in cell migration is the
signaling intermediate RhoA. In addition to contributing to the
retraction of filopodia at trailing cell edges, RhoA induces the
formation of stress fibers and focal adhesions (Hall, 1992)
providing the tractional forces necessary for cell movement
(Etienne-Manneville and Hall, 2002; Ridley et al., 2003) and is
involved in the maintenance of spindle orientation during cell
division (Roszko et al., 2006). An emerging theme in
embryogenesis suggests that filopodia play a crucial role in
sensing directional cues and mediating signals between cells to
ensure programmed cell invasion (Fulga and Rorth, 2002;
Hsiung et al., 2005; Jacinto et al., 2000). Recently, we have
shown in vivo that chick NC cells display short and long
filopodia that appear to play a role in cell–environment and
cell–cell interactions that lead to a cell's choice of direction
(Teddy and Kulesa, 2004). Thus, working in an avian model
system accessible to molecular perturbation and high-resolution
intravital imaging has great potential to provide important
insights into the in vivo role of small Rho GTPases in NC cell
migration.
We report that the post-otic NC cell migratory pattern
emerges in two phases that require the function of the small
GTPase, RhoA. We follow individual, fluorescently labeled
post-otic NC cells in vivo using confocal time-lapse
imaging and develop a spatiotemporal timeline of the
migratory pattern. We measure the directionality and speed
of NC cells in normal embryos and those transfected with
either constitutively active or dominant negative forms of
RhoA. We quantify NC cell filopodia extension and
retraction rates and closely examine local NC cell migratory
behaviors. Lastly, we determine whether disruption of RhoA
signaling at the individual cell level, using constitutively
active or dominant negative forms of RhoA and C3
injections, influences the global post-otic NC cell migratory
pattern and the arrival time of NC cells at the branchial
arches.Materials and methods
Egg/Embryo preparation
Fertilized white leghorn chicken eggs (supplied by Ozark Hatchery, Oeosho,
MO) were incubated at 38 °C in a humidified incubator until the appropriate
stages. Eggs were rinsed with 70% ethanol and 3 ml of albumen was removed
before windowing the eggshell. A solution of 10% India ink (Pelikan Fount;
PLK 51822A143, www.mrart.com, Houston, TX) in Howard Ringer's solution
was injected below the embryo for visualization. Embryos were staged
according to the criteria of Hamburger and Hamilton (HH) (Hamburger and
Hamilton, 1951).
Constructs
Myc-tagged dominant negative (DN) and constitutively active (CA) variants
of RhoA (kind gifts from Yi Rao laboratory) were sub-cloned into a construct
(from Frances Lefcort laboratory) expressing a cytoplasmic enhanced green
fluorescent protein (EGFP). Although previously tested (Wong et al., 2001), the
activity of the control, RhoA-CA and RhoA-DN constructs was tested by a
RhoA activation assay (Cytoskeleton, Inc., Denver, CO) and confirmed (Fig. 2).
A membrane-specific monomeric red fluorescent protein, PCS-membrane, or an
H2B-mRFP1 was used to label NC cell membranes and nuclei, respectively
(from Rusty Lansford and Sean Megason, Caltech).
Cell labeling
Embryos were transfected with expression constructs and/or injected with a
lipophilic dye (DiI, C-7000, Invitrogen, Carlsbad, CA; buffered in 27% sucrose/
10% ethanol) at HH stages 8–9 (∼6–8 somites) to label premigratory post-otic
NC cells. Constructs (at 2.5 μg/μl) were microinjected directly into the lumen of
the neural tube (NT), filling the hindbrain region, using a pulled borosilicate
glass needle (Sutter; BF100-50-10, Novato, CA). The constructs were
electroporated into the right side of the NT using platinum electrodes and an
Electro Square Porator ECM 830 (BTX, a division of Genetronics, San Diego,
CA) with 20 Vof current and five 45 ms pulses at 1-s intervals. A few drops of
sterile Ringer's solution were applied to the embryo prior to the eggs being
sealed with adhesive tape and re-incubated at 38 °C in a humidified incubator
(Model 1550, G.Q.F. Manufacturing Co., Savannah, GA) until removal.
Isolation of EGFP-positive post-otic migratory NC cells using high
purity FACS methodology
Post-otic NC cells were fluorescently labeled by injection and electropora-
tion of pMES-EGFP as described. To increase the number of EGFP-positive
cells, both sides of embryos were electroporated. After 18 h of re-incubation,
embryos were harvested and transferred into cold Ringers. The tissue containing
the migratory population of post-otic NC cells was removed using a fine surgical
knife. No non-migrating NC cells were removed as the excised tissue was a
minimum of 150 μm lateral from the NT and extended up to 400 μm (see Fig.
2A, boxed region). Tissue was dissociated into a single cell suspension by
treatment with 0.25% Trypsin with EDTA at 37 °C for 3 min. This reaction was
stopped by addition of fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA).
The cells were then centrifuged at 1000 rpm for 5 min and resuspended in PBS
with 2% FBS. The resulting single cell suspension was sorted using a MoFlo
cytometer (Cytomation, Inx, Fort Collins, CO). Equal numbers of EGFP-
positive and EGFP-negative cells were collected separately from each sample.
This resulted in populations of live cells transfected with pMES-EGFP as well as
untransfected cells for controls.
RT-PCR analysis of RhoA expression in post-otic NC cells
We selected RT-PCR to analyze RhoA expression in NC cells following
migration from the NT. RNAwas isolated from the collected live cells using the
RNeasy Mini Kit (74104, Qiagen, Valencia, CA). RT-PCR was then performed
using primers specific for chick RhoA and chick beta-actin (control). Primers for
RhoA were 5′-GACGGTGCCTGCGGGAAGAC-3′ (forward) and 5′-
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not match any sequence in RhoB or RhoC. Primers for beta-actin were 5′-
CGGTTTCGCCGGGGACGATG-3′ (forward) and 5′-CGTCAGGTCACGGC-
CAGCCAGA-3′ (reverse). Both resulting DNA products were approximately
500 bp in length. The following PCR conditions were used: 94 °C for 5 min
followed by 34 cycles of denaturing at 94 °C for 1 min, annealing at 60 °C for
1 min and extension at 72 °C for 1.5 min. The resulting PCR products were
analyzed by gel electrophoresis.
In vitro RhoA expression in NC cells
Post-otic NC cells were electroporated with pMES-EGFP as described. To
increase the number of EGFP-positive cells, both sides of embryos were
electroporated. After 1–2 h of re-incubation, the embryos were harvested and
transferred into cold Ringers. The dorsal third of each side of the NT from
rhombomere (r) r6 to r8 was isolated using a fine surgical knife. The NTexplants
were plated on fibronectin-coated (50 μg/mL in Ringer's solution, 33016-015,
Gibco) glass bottom microwell dishes (P35G-1.5-14-C, Mat-Tek Corp.,
Ashland, MA) and allowed to adhere for 30 min at 38 °C. Two milliliters of
Neurobasal medium (21103-049, Invitrogen, Carlsbad, CA) supplemented with
B-27 serum-free supplements (17504-044, Invitrogen, Carlsbad, CA) was gently
added to the explants. The cultures were re-incubated for 18–20 h at 38 °C.
Culture medium was removed and explants rinsed gently in PBS. Cells were
fixed in 4% paraformaldehyde for 15 min at room temperature. Cultures were
washed 2×10 min in PBS prior to blocking for 1 h in 3% BSA at room
temperature. Explants were probed with a RhoA-specific primary antibody (SC-
418, Santa Cruz Biotechnology, Santa Cruz, CA) at a 1:50 dilution in 3% BSA
overnight at 4 °C. Antibody was washed from the NT cultures with 4×10 min
PBS washes. The cultures were blocked in 3% BSA and 5% goat serum for 1 h
at room temperature. The explants were probed with an Alexa 546 goat anti-
mouse IgG antibody (1:500) in the blocking serum for 1 h at room temperature.
The cultures were washed a minimum of 4×10 min in PBS before being
mounted in Vectashield mounting medium with DAPI (H-1200, Vector
Laboratories) and cover-slipped. As a control, some NT cultures were processed
as described but were incubated with a secondary antibody only. Images were
taken on an inverted LSM 5 PASCAL confocal laser scanning microscope (Carl
Zeiss, Inc., Thornwood, NY) with a C-Apochromat 63×/1.2 W Korr objective
(Carl Zeiss, Inc., Thornwood, NY).
Inhibition of NC migration by C3 Transferase
Post-otic NC cells in HH 8 somite embryos were labeled with DiI as
described previously. Embryos were re-incubated at 38 °C for 4 h. Cell
permeable C3 Transferase (CT04, Cytoskeleton Inc., Denver, CO) at
100 μg/ml and marked with Fastgreen was microinjected into the embryos
below the ectoderm just lateral and anterior to the first somite and lateral to
the third somite (see Fig. 6E, asterisks) until the region appeared green.
Embryos were re-incubated at 38 °C for 2 h before repeating the C3
injections as described. Embryos were re-incubated at 38 °C for 4 h before
being harvested and fixed in 4% paraformaldehyde for 2 h at room
temperature. The embryos were split down the midline, mounted on slides
and imaged using a Plan-NeoFluor 10×/0.3 objective (Zeiss). The distance
the NC cells migrated on the injected and non-injected sides was determined
by measuring from the medial edge of the dorsal neural tube to the farthest
DiI label at the first somite level using the AIM software (Zeiss). The
percentage of distance migrated compared to the non-injected side was
determined. As controls, equal numbers of DiI-labeled embryos received
PBS injections.
RhoA activation assay of experimental construct-transfected NC cells
Post-otic NC cells were electroporated with the control or experimental
constructs as described. To increase the number of EGFP-positive cells, both
sides of embryos were electroporated. After 18 h of re-incubation, embryos were
harvested and transferred into cold Ringers. The dorsal thirds of both sides of the
NT at the r6–r8 level were removed and placed in ice cold Ringers. The cells
were dissociated as described previously. The RhoA activation assay BiochemKit from Cytoskeleton, Inc. (Denver, CO) was used as per protocol to test for
RhoA activity.
4D time-lapse imaging
All imaging was performed on an inverted LSM 5 PASCAL confocal laser
scanning microscope (Carl Zeiss, Inc., Thornwood, NY) using either a Plan-
NeoFluor 10×/0.3 or a 40×/0.75 objective (Zeiss). Each series of time-lapse
images was created by projecting 3D collected z-stacks onto a single plane and
concatenating the consecutive time points using the AIM Software (Zeiss).
For short-term (b5 h), high-resolution (40×), 4D time-lapse imaging, whole
chick embryos were mounted dorsal side down in glass bottom microwell dishes
(P35G-0-14-C, MatTek Corporation, Ashland, MA). In a typical preparation
(derived from Kulesa and Fraser, 2002; Rupp and Kulesa, in press), an embryo's
blastoderm was spread out and excess Ringer's was removed to stabilize the
embryo while maintaining its 3D morphology. Once positioned, a teflon
membrane (97L0038, YSI Inc., Yellow Springs OH) ring assembly was placed
above the embryo to allow oxygen transfer while maintaining a humid
environment; four drops (∼20 μl each) of Ringer's solution were placed around
the inner edge of the MatTek dish, but outside of the membrane ring. Embryo
chambers were placed on a 35 mm culture dish heating plate (BC-250A, 20-20
Technology, Inc., Wilmington, NC) coated with a heat sink compound (#276-
1372A, RadioShack Corp., Fort Worth, TX) to promote heat conduction and
kept at 38 °C using a Bionomic System (BC-110, 20-20 Technology, Inc.). 488-
nm and 543-nm laser lines were used to excite the green (EGFP) and mRFP1
proteins, respectively. In a typical time-lapse session, five single track z-sections
were collected at 3 μm increments every 2 min and refocused as necessary.
For longer term imaging (∼15 h), low-resolution (10×) time-lapse confocal
imaging, whole chick embryo explants were set up similar to the protocol
described in Kulesa and Fraser (1998). Six single track z-sections were collected
at 8–12 μm increments every 5 min for 15 h.
Determining NC cell density in the two migratory phases
The mean fluorescence intensity (MFI) within fluorescently labeled
migratory NC cells was calculated in vertical columns overlaid onto time-
lapse images, using the MetaMorph 5.0 software (Molecular Devices,
Sunnyvale, CA). For each data set, a grid was centered over the r7 region and
measured 500 μm in length (lateral to the NT; 10×50 μm column widths) and
250 μm in height (anteroposterior direction). The MFI was calculated for each
column, exported to an Excel spreadsheet (Microsoft Corporation, Seattle, WA)
and plotted.
Unbiased designation of a migratory NC cell stream or chain
So as to not introduce bias into the analysis of chain or stream formation, we
measured theMFI within rows of a grid overlaid upon images of embryos at 18 h
post-transfection. First, fluorescence images were opened in MetaMorph 5.0
software (Molecular Devices, Sunnyvale, CA) where a grid was created that
covered the medio-lateral width and antero-posterior length of the post-otic NC
cell migratory pathway. Each row of the grid was 10 μm wide and included as
many rows needed to cover the antero-posterior length of the migration. The
MFI was then calculated for each row, exported to an Excel spreadsheet
(Microsoft Corporation, Seattle, WA) and plotted.
Cell tracking
To track labeled cells, the GFP channel of the selected series was exported
from the AIM software (Zeiss) as a series of tif images. The tif series was
imported into Image-Pro Plus (Media Cybernetics, Inc., Silver Spring, MD),
turned into an 8-bit grayscale and aligned. The “track objects” function was used
to manually track a cell's movement over time. Cells were tracked for as many
frames as was possible to distinguish them. The velocity was determined by
dividing the total distance migrated (μm) by the time (min) a particular cell was
tracked. The directionality of a cell was determined by dividing the distance
from the point of origin to the final point by the total distance taken to reach the
final point.
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Intravital high-resolution images were used for this analysis. To determine
the rate of filopodial extensions, the distance a filopodium extended between
time frames was measured using the AIM software (Zeiss). The distance
measured was then divided by the time interval between frames (2 min). The
filopodial retraction rates were similarly determined, in this case the distance a
filopodium retracted was measured.Determining the total NC cell distance traveled to the branchial
arches
Premigratory NC cells from embryos at HH 8 somites were transfected with
either control or perturbing constructs and labeled with DiI. Embryos were re-
incubated at 38 °C in a humidified incubator for 28 h at which point well-labeled
embryos were removed and fixed in 4% paraformaldehyde for 2 h. After
collecting a z-stack through the embryos with a Fluor 5×/0.25 objective (Zeiss),
the embryos were cut in transverse section using a fine razor blade to isolate
individual branchial arches. Healthy, fluorescently labeled embryos were
processed and 40 μm sections cut using a Leica VT1000S vibratome (Leica
Microsystems, Germany) through the region of interest. The transverse sections
were then imaged with a Plan-NeoFluor 10×/0.3 objective (Zeiss). The distance
transfected NC cells migrated was compared to the distance migrated by DiI-
labeled, non-transfected cells using the AIM software (Zeiss).Fig. 1. Post-otic NC cell migratory patterning is a two-phase process in which narrow
establishment of chain-like arrays from DiI-labeled post-otic NC cells. (E–H) The m
fluorescence intensity within vertical columns represented by the hatched lines and pl
intensity calculation along the curve. The analysis shows that the density of cells tha
intensity of fluorescence is propagated laterally. (I) The trajectories of 10 NC cells tra
the 4 and 6 h time points. (K) The trajectories of NC cells that migrated between the
transfection with a plasma membrane-specific EGFP (GAP43-EGFP). (M) A high
filopodial-cell protrusions. (N) A schematic diagram representing a typical chain-like
100 μm in M and 50 μm in L.Statistical methods
For all measurements, the error bars represent the standard error of the mean
(sem). Statistical significance was determined by comparing data sets with
different numbers of trials using the Student's t-test. Probability values and
number of trials are given in the text or figure captions where appropriate.Results
The post-otic NC cell migratory pattern occurs in two phases
To characterize the migratory behaviors and pattern of post-
otic NC cells from rhombomere 6 (r6) through r8 to the
branchial arches, premigratory chick DiI-labeled NC cells were
followed in vivo up to 15 h using confocal time-lapse imaging.
The post-otic NC cell migratory pattern was initiated by the
emergence of NC cells from r7 (Fig. 1A; Movie 1). Neighboring
NC cells from r6 and r8 then emerged to form a wide, semi-
circular shaped front of NC cells (Fig. 1B; Movie 1). Cell
tracking showed that the initial emerging NC cells moved in a
lateral direction (Figs. 1B, I).chain-like arrays form. (A–D) Four frames from a time-lapse series showing the
igratory pattern of NC cells in panels A–D as displayed by calculating the mean
otting. The gray circles represent approximate positions of the mean fluorescence
t initially migrate from the NT is greater than those that emigrate later. The peak
cked from 0 to 4 h time point. (J) Laterally directed trajectories of cells between
6 and 15 h time points. (L) The post-otic NC cell migratory pattern at 24 h post-
-resolution image of the chain-like array boxed in panel L. Notice the many
array with average chain parameters included. r= rhombomeres; scale bar equals
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began to be resolved when fewer NC cells emerged from the NT
and followed behind the initial wave of cells (Figs. 1C, G;
Movie 1). The trailing NC cells invaded the tissue lateral to r6–
r8 in a very directed manner (Fig. 1J). After approximately 6 h,
r7 and r8 NC cells continued to migrate in the lateral direction
followed by more sparsely distributed trailing cells (Movie 1).
By 15 h, the post-otic NC cell migratory pattern resembled its
characteristic phenotype (Fig. 1D). The cell trajectories showed
that the later emerging NC cells migrated in a directed manner,
but did so along established migratory paths (Fig. 1K).
Temporal analysis of the fluorescence intensity signal within
the tissue lateral to the post-otic NT showed distinct densities of
NC cells over the time-course of the migratory patterning (Figs.
1E–H). The level of fluorescence signal was directly related to
the distribution of migrating NC cells since the tissue
surrounding the NT was unlabeled. Initially, there is a low
level of fluorescence signal immediately adjacent to the NT
(Fig. 1E). After approximately 4 h, there was a fluorescence
intensity peak adjacent to the NT that decreased rapidly towards
the leading edge of the NC cell migratory front (Fig. 1F). The
peak fluorescence signal propagated along the lateral direction,
consistent with the initial front of NC cells (Figs. 1F–H). The
shape of the fluorescence signal distribution over time
resembled a peak distribution near the leading edge of the NC
cell migratory front (Fig. 1H). The trailing distribution did not
decay to zero, but had a lower mean fluorescence signal
intensity (Fig. 1H), corresponding to the sparsely distributed
trailing NC cells. Analysis of the width of the fluorescence peak
is approximately 350 μm (Fig. 1G, 6 h) that tapered to
approximately 250 μm (Fig. 1H, 15 h) as the NC cells reached
the entrance to the branchial arches.
Trailing post-otic NC cells migrate collectively in
follow-the-leader chain-like arrays
We had previously reported that some post-otic NC cells
migrated in a follow-the-leader behavior (Kulesa and Fraser,
1998). In order to resolve this migratory behavior in greater
cellular detail, NC cells were labeled with a plasma membrane
associated Gap43-EGFP and imaged statically with 3D high-
resolution confocal microscopy (Figs. 1L–M). The sparse
distribution of migratory NC cells from r7 and r8 that trailed the
initial front of cells was visually distinguishable as individual
cells, but aligned in a linear array (Figs. 1L–M). These NC cells
displayed thin cellular extensions that appeared to contact lead
and trailing NC cells to form a chain-like assembly approxi-
mately 2 cells wide, spanning 20 μm, and 6 cells in length
covering a distance of approximately 180 μm (Figs. 1M–N).
The NC cell filopodial extensions between neighboring cells
measured to be approximately 1–2 μm wide (Figs. 1M–N).
Post-otic, migratory NC cells express the small Rho GTPase,
RhoA
Small Rho GTPases have been shown to coordinate
cytoskeletal elements during cell migration in a variety ofsystems. Here, we explored the role of one such GTPase, RhoA,
in the migration of post-otic NC cells. Two different techniques
were used to demonstrate RhoA expression in post-otic
migratory NC cells. First, RT-PCR was performed on RNA
isolated from purified, post-otic migratory NC cells (Figs. 2A,
B). Only NC cells that had migrated away from the NT were
isolated by FACS (Fig. 2A). RT-PCR was performed using
chick RhoA-specific primers and beta-actin primers (internal
control). The results indicated that post-otic migratory NC cells
express the RhoA transcript (Fig. 2B). Expression of RhoA
protein on NC cells was examined using post-otic NT culture
explants. In vitro, migratory NC cells express RhoA protein
(Figs. 2D, F compared to E, G).
Perturbations to RhoA cause defects to the post-otic NC cell
migratory pattern
To determine whether the small Rho GTPase, RhoA, plays a
role in post-otic NC cell migration and the establishment and/or
maintenance of follow-the-leader NC cell migratory behaviors,
embryos were analyzed 18 h after transfection with constitu-
tively active or dominant negative RhoA expressing constructs.
To verify the efficiency of the constructs, transfected NC cells
were tested using a GTP-binding assay. The RhoA-CA
construct showed increased RhoA in a GTP-bound state
compared to control or RhoA-DN transfected NC cells (Fig.
2C). Levels of RhoA-DN activity were similar to controls (Fig.
2C). The stereotypical migratory pattern of post-otic NC cells
(Fig. 1) was disrupted (compare Figs. 3A and B with C) with
two common patterns observed regardless of the perturbing
construct injected. A typical perturbed post-otic NC cell
migratory pattern resembled a compaction of the wide front
and trailing subpopulations of NC cells (Fig. 3A). The other
common pattern showed trailing NC cells coalesced into larger
subgroups of cells (Fig. 3B). Calculation of the spatial
distribution of a subset of post-otic NC cells for each
experimental condition at 18 h, based on fluorescence intensity
measurements, showed a clear difference in the NC migratory
patterns when RhoA function was perturbed (Figs. 3A–C). The
average number of follow-the-leader chain assemblies was
calculated for each experimental condition using both grid and
visual analyses (Figs. 3A–D). An unperturbed embryo averaged
3±0.21 chain-like arrays (Figs. 3C, D; n=20 embryos). In
contrast, the average number of chains in experimentally
perturbed embryos was decreased to one chain-like array (Figs.
3A, B, D); specifically, embryos transfected with RhoA-CA
formed 1.13±0.30 chain-like arrays (pb0.0001; n=8 embryos)
while expression of the RhoA-DN construct averaged 1.00±
0.31 chain-like arrays per embryo (pb0.0001; n=7 embryos;
Fig. 3D).
Alterations to RhoA signaling perturb post-otic NC cell
velocities and directionalities
The average NC cell velocities, calculated from low
resolution time-lapse movies, decreased under all experimental
conditions. Control NC cells migrated with a velocity of 41.08±
Fig. 3. Perturbing RhoA signaling disrupts the post-otic NC cell migratory pattern. Altering RhoA signaling disrupts the NC cell migratory pattern. 3D confocal images
reveal changes in the post-otic NC cell migratory pattern 18 h after delivery of either the constitutively active (A) or dominant negative (B) RhoAwhen compared to the
control (C). The transfected side of the embryo with fluorescently labeled cells is shown. In each scenario, a horizontal grid analysis was used to quantitate the spatial
fluorescence intensity distributions. The intensity distribution was determined in as many 10 μmwide rows as needed to span the length from r6 to r8. The distribution
was only calculated for the region between the NTand the dense lateral stream, represented by the white rectangular boxes in each panel. The images in panels A and B
are representative pictures of the pattern alterations observed. Disturbing RhoA signaling induces an NC cell migratory pattern that includes a wide front of leading
cells followed by a decrease in the number of chain-like arrays. (D) Quantitation of the average number of NC cell chain-like arrays exhibits a decrease in RhoA
perturbed embryos (blue=control, red=RhoA-CA, green=RhoA-DN). Scale bar equals 100 μm.
Fig. 2. Post-otic NC cells express RhoA. (A) An avian embryo 18 h post-transfection labeled with a cytoplasmic EGFP. The area delineated by the yellow rectangle
represents the region of tissue removed for isolation of EGFP (+). NC cells by FACS. (B) RT-PCR performed on RNA isolated from the FAC sorted cells. Primers were
designed specifically for avian RhoA. Beta-actin was used as an internal control. (C) Western blot showing amounts of active GTP-bound RhoA in neural crest cells
isolated from embryos. The NC cells were transfected with control, RhoA-CA or RhoA-DN constructs. (D) RhoA expression in NC cells grown in vitro. The cells
shown were∼200 μm from an NT explant. (E) NC cells stained with the secondary antibody only as a control. (F) Merged image of RhoA staining (red) from panel D
with EGFP (green) labeling of NC cells and DAPI nuclear staining (blue). (G) Merged secondary only (red) staining from panel E with EGFP (green) NC cells and
DAPI nuclei (blue).
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Fig. 4. Perturbing RhoA signaling alters NC cell behavior. The NC cell
velocities and directionalities were calculated by tracking the movements of NC
cells during low-resolution time-lapse series. (A) Expression of the RhoA-CA
and RhoA-DN constructs decreased NC cell velocities by 31.0% and 40.1%,
respectively. (B) The directionality of the NC cells was calculated by dividing
the straight-line distance from the origin by the overall distance traveled (see
panel C). The RhoA-CA expressing cells displayed a significant decrease in
directionality while the RhoA-DN NC cells were slightly more directional. (C)
A diagram displaying the parameters for directionality and filopodial extension
and retraction rates are shown. t1= time 1; t2= time 2; dotted line=straight-line
distance; gray line=actual distance migrated; F.E.R.= filopodial extension rate;
F.R.R.= filopodial retraction rate; de=distance extended; dr=distance retracted;
ti= time interval between frames. The filopodial extension and retraction rates
were calculated from high-resolution time-lapse series. (D) Perturbations to the
RhoA signaling pathway did not significantly alter the filopodial extension rates,
see the Results section for actual rates (RhoA-CA, n=326 extensions; RhoA-
DN, n=292 extensions). (E) Expression of the constitutively active RhoA
increased filopodial retraction rates 3.3% (n=278 retractions). The RhoA-DN
expressing NC cells had significantly decreased filopodial retraction rates
(−18.1%) compared to controls (pb0.0001, n=341 retractions). (F) The rate of
filopodial extension was divided by the rate of retraction to determine if the ratio
was perturbed by altering small RhoA signaling. The control was normalized to
one. The rate of extension to retraction was increased 1.28 fold in NC cells
expressing the dominant negative RhoA. ∗=pb0.0001; control=pMES;
RCA=RhoA-CA; RDN=RhoA-DN.
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tic change was observed in cells expressing the RhoA-DN
construct where average cell velocities were reduced 40.1% to a
speed of 24.61±0.99 μm/h (pb0.0001, n=40 cells; Fig. 4A).
Expression of the RhoA-CA construct lowered the average NC
cell speed 31.0% to 28.35±0.83 μm/h (pb0.0001, n=60 cells;
Fig. 4A).Directionality was determined from the trajectory path of a
NC cell and defined as the straight-line distance from the final
position of the cell to its origin at t=0, divided by the total
distance migrated (Fig. 4B, diagram in Fig. 4C). A cell traveling
in a straight line would have a directionality equal to one. In our
experiments, non-perturbed post-otic NC cells migrated with a
directionality of 0.447±0.018 (mean±sem, Fig. 4B). The
RhoA-CA construct reduced an NC cell's directionality
17.7% to 0.371±0.014 (pb0.0001, n=60 cells; Fig. 4B).
Expression of the dominant negative RhoA construct did not
significantly alter the directionality of NC cells (0.469±0.017,
n=40 cells; Fig. 4B).
Inhibition of RhoA function prevents NC cells from efficiently
retracting filopodia
The dynamics of the NC cell filopodia were quantified from
high-resolution, in vivo time-lapse imaging sessions. The
largest change in filopodial retraction rate was an 18.1%
decrease in RhoA-DN expressing NC cells (1.49±0.04 μm/min,
n=341 retractions, Fig. 4E). The retraction rate of filopodia
emanating from RhoA-CA expressing cells within the embryo
was slightly increased 3.3% (1.88±0.07 μm/min, n=278
retractions; control=1.82±0.08 μm/min, n=232) over con-
trols (Fig. 4E). Disrupting the RhoA signaling pathway did
not significantly alter NC cell filopodial extension rates
(RhoA-CA=2.20±0.06 μm/min, n=326 extensions; RhoA-
DN=2.33±0.07 μm/min, n=292 extensions) when compared
to control rates (control=2.22±0.08 μm/min, n=366 exten-
sions; Fig. 4D).
The ratio of the rate of extension versus retraction was
calculated for the experimental conditions and compared to the
control (Fig. 4F). The ratio for the control was normalized to
one. The RhoA-DN constructs displayed an increased filopodia
extension-to-retraction ratio (1.28) due to a slightly increased
extension rate and a decreased retraction rate, respectively (Fig.
4F). NC cells expressing the RhoA-CA construct showed a
decreased ratio (0.96) due to a slight decline in extension rate
and an increase in retraction rate, respectively (Fig. 4F). Thus,
inhibition of RhoA function prevented NC cells from efficiently
retracting their filopodia.
Time-lapse analyses reveal that RhoA perturbations affect NC
cell migratory behaviors
Neural crest cells that express RhoA-CA or RhoA-DN
displayed distinct cell migratory behaviors different from
typical NC cells. Interestingly, RhoA perturbed NC cells failed
to efficiently form follow-the-leader cell behaviors, but
continued to reach the branchial arches. In a typical RhoA-
CA time-lapse imaging session, NC cells that trailed a lead cell
did not appear to maintain filopodial contacts with that lead cell
(Fig. 5; Movie 2). Instead, a trailing NC cell often appeared to
make contact with a lead cell (Figs. 5A, F; arrow), then one of
two results occurred. First, a trailing NC cell retracted its
filopodium (Figs. 5B, G; asterisk) and migrated in a different
direction from the point of contact (Figs. 5C, H). Second, a
Fig. 5. Perturbing RhoA signaling alters NC cell migratory behaviors. Trailing NC cells expressing constitutively active RhoA may make contact with many lead cells
but fail to follow. (A–E) Shown are high-resolution, 3D confocal images displaying NC cell behavior in a RhoA-CA time-lapse series. (F–J) These panels display the
images from panels A to E processed in such a way as to appear 3-dimensional. Cells have been colored and the following description of the NC behavior will refer to
these panels. (F) A trailing NC cell (green) makes contact with a lead cell (blue), see arrow. (G) The trailing cell retracts the filopodia (asterisk) and then migrates in the
direction of another leading cell (H, red cell). After making contact with the red cell, the trailing cell (green) bypasses the red and proceeds to contact the blue cell again
(I, arrow) as well as a neighboring unlabeled cell (contact made between frames, see Movie 2). (J) The green cell once again retracts the filopodia (asterisk). NC cells
expressing dominant negative RhoA have many forward protruding filopodia, but fail to migrate efficiently. (K–O) Shown are high-resolution, 3D confocal images
displaying NC cell behavior in a RhoA-DN time-lapse series. (P–T) The images from K to O rendered in 3D with cells colored. (P) The green cell sends out one long
forward extension in the direction of migration (asterisk). It is considered a lead cell in this case as there are no cells directly lateral to it. (Q) The filopodia of the green
cell continue to extend while smaller extensions branch off from the main protrusion. A trailing cell (red) makes a wide contact with the rounded back edge of the green
cell (arrows). (R) The branching and extending of the filopodia on the green cell continue (asterisks) while the red cell continues to explore the back edge of the green
cell. (S, T) The branching of the green cell's filopodia and the red cell's exploration continue. Notice that most transfected cells in panels P–T have rounded back edges
and have not efficiently migrated with the exception of one non-highlighted cell.
166 P.A. Rupp, P.M. Kulesa / Developmental Biology 311 (2007) 159–171trailing cell contacted the proximal edge of a lead cell, but then
retracted the filopodium and attempted to contact a different
lead cell (Figs. 5D, I; the green cell has contacted the red cell
between panel H and I (arrowhead) and then moved on to touch
the blue cell again (arrow)). The trailing NC cell contacted
many lead cells, but failed to maintain those contacts or migrate
in the direction of the contact (Figs. 5A–E, F–J). Over the
course of the time-lapse sessions, the NC cells expressing
RhoA-CA continued to migrate in the lateral direction as
individuals (Figs. 5A–E).
Neural crest cells expressing the RhoA-DN construct did
not migrate as efficiently as non-perturbed NC cells and
similarly did not form follow-the-leader chain-like assemblies.
Phenotypically, these cells displayed many protrusions, both
long and short, in the forward direction. In a typical time-lapse imaging session, RhoA-DN transfected NC cells
displayed thick, forward extensions that covered a large
region in the direction of migration (Figs. 5K–O, P–T). Many
small lamellipodial and filopodial extensions often budded off
of the main extension in different directions (Figs. 5M, N, R,
S; asterisks). The filopodial protrusions extended for over 2 h
(Figs. 5K–O). When the RhoA-DN transfected NC cells were
followed over time, the filopodial extensions were enhanced,
but the trailing edges of the cells did not follow in the
direction of the protrusions (Figs. 5K–O). NC cells that
contacted the proximal edges of these slower cells failed to
follow the lead cells but continued to explore the cell's
proximal edges (Figs. 5L–O, Q–T; red cell; Movie 3).
Importantly, some NC cells expressing RhoA-DN display a
lack of nuclear migration.
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migrating post-otic NC cells or cell morphologies
To determine whether there were changes in the number of
delaminating NC cells, the average number of construct-
expressing cells that had migrated from the NT at 8 h was
determined. Although there was a decrease in the number of NC
cells expressing RhoA-CA (42.4±7.4 cells/embryo, n=8
embryos) and RhoA-DN (37.7 ±9.3 cells/embryo, n=7
embryos), in no situation was the number significantly different
from that of control embryos (44.1±5.5 cells/embryo, n=13
embryos; Fig. 6A). To further analyze possible changes in NC
cell delamination, proliferation or cell death, the area of the NT
on the transfected side was compared to the non-transfected side
in transverse sections at the r7 axial level (Figs. 6B, C). In all
cases, including the control, the area on the transfected side was
smaller (5–8% less) than the non-transfected side (Fig. 6B).
There was statistically no difference between the control and
experimental embryos.
Perturbations to RhoA alter the lateral distance migrated at
8 h
The lateral distance that each emerging NC cell migrated in
an 8 h period was calculated by measuring the straight-line
distance from the NT to the center of each EGFP-labeled cell.
NC cells expressing the RhoA-DN construct (n=264 cells)
displayed a 17.6% reduction in the lateral distance measured
from the NT (64.09±2.70 μm) when compared to control
(77.73±2.80 μm, n=329 cells, pb0.0001, Fig. 6D). The lateral
distance migrated by NC cells expressing the RhoA-CA
construct (76.92±2.89 μm, n=339 cells) was not significantly
different from control cells (Fig. 6D).
Inhibition of Rho signaling using C3 Transferase decreased
NC cell migration
To confirm the delay in NC cell migration by decreasing
RhoA activity, we injected a cell permeable C3 Transferase
lateral to the migratory NC cells at the r6–r8 level. The C3
Transferase, from Clostridium botulinum, is commonly used to
selectively inactivate the Rho GTPases RhoA, RhoB and RhoC
(Sekine et al., 1989). When compared to the non-injected side
(internal control), a slight decrease in the distance migrated was
observed (Fig. 6E). A decrease of 6.5% was observed on the
C3-injected sides when compared to the non-injected side
(pb0.01, n=12, Fig. 6F, orange bar). This decrease in migration
was not observed in PBS injected embryos (n=12, Fig. 6F, blue
bar).
Perturbations to RhoA did not cause a significant delay in
post-otic NC cell arrival at peripheral branchial arch locations
To determine if NC cells were delayed in their arrival (total
lateral distance migrated) at peripheral target sites after
perturbation, embryos were analyzed 28 h after transfection
(Figs. 6G–I). There was no significant delay measured in NCcell arrival at the branchial arches compared to non-transfected
DiI-labeled cells within stage matched embryos (Figs. 6G–I;
control=6 embryos, 15 sections; RhoA-CA=5 embryos, 13
sections; RhoA-DN=8 embryos, 19 sections). NC cell arrival
was measured by the total lateral distance migrated of the most
distal NC cells along the post-otic migratory route. The final
post-otic NC cell distribution in the branchial arches in RhoA
perturbed embryos was not visually different than control
embryos when observed in whole mount embryos or transverse
slices through branchial arches 2, 3 or 4 in stage matched
embryos (data not shown).
Discussion
The emergence of stereotypical NC cell migratory patterns
from individual, complex cell movements motivated us to
investigate the in vivo cellular and molecular mechanisms
underlying directed NC cell guidance. Our goals were twofold;
first, we aimed to characterize the early spatiotemporal
migratory pattern and cell behaviors of post-otic NC cells
that contribute to cardiac structures and the enteric nervous
system. Our second goal was to investigate the in vivo function
of the small Rho GTPase, RhoA, and analyze whether
perturbing cell protrusive/retractive activity and cell–cell
interactions would affect individual NC cell navigation and
migratory patterning.
Our time-lapse analyses revealed two phases of the early
post-otic NC cell migratory pattern, suggesting that there are
distinct subpopulations of the post-otic NC. The first step was
the emergence and directed migration of a wide front of NC
cells from r6 to r8 (Fig. 1; Movie 1). This was followed by fewer
migratory NC cells that were distributed sparsely throughout the
region proximal to the initial wide front of NC cells, but showed
directed lateral migration (Figs. 1B–D). Because there is a
cranial-to-caudal temporal order of NC cell emergence along
the vertebrate axis (Le Douarin, 1982; Lumsden et al., 1991), it
was expected from descriptions based on static experiments that
NC cells from r5 to r6 would first emerge and form a dense,
caudo-lateral migratory stream that would be met by lateral
migrating r7–r8 NC cells at the entrance to the 3rd and 4th
branchial arches. Interestingly, r7-derived NC cells led the post-
otic invasion (Fig. 1A) and migrated in a laterally directed
manner (Fig. 1I) with r6- and r8-derived NC cells following
closely behind (Fig. 1B). Our data support an initial migratory
subpopulation of post-otic NC that follow the dorsolateral
pathway (Kuratani and Kirby, 1991), termed the circumphar-
yngeal NC, and offer a timeline followed by the r6–r8 NC to
produce the early migratory pattern. Our cell trajectory data
suggest little mixing of r7 and r8 NC cells en route to the
branchial arches, but mixing may occur later within the
branchial arches or during further invasion, as described by
Miyagawa-Tomita et al. (1991).
Post-otic NC migrate mostly in follow-the-leader chain-like
assemblies, suggesting a collective migratory behavior distinct
from the initial wave of NC cells. Post-otic NC cells display
short and long cellular extensions that contact lead and trailing
NC cells (Fig. 1). Our data support in vitro studies that show,
Fig. 6. Perturbations to RhoA do not significantly alter NC delamination but do delay early migration. Total lateral distance migrated is not significantly altered. (A)
The average number of labeled, migrating NC cells was similar for each experimental condition at an 8 h time point. (B) To determine if there were alterations in NC
cell delamination, proliferation or death, the area of the transfected and non-transfected sides of the NT in cross-section were compared. A cross-section of a control
embryo showing labeled NC cells and their migration from the NT is shown. The DIC images without the fluorescence were used to determine the NT boundaries. (C)
A bar graph showing the ratio of the area on the transfected side versus the non-transfected side (control, n=8; RhoA-CA, n=9; RhoA-DN, n=7). (D) The average
lateral distance NC cells migrated from the NT at 8 h post-transfection was determined using static images. (E) A DiI-labeled embryo in which one side of the embryo
has been injected with two boluses of C3 Transferase, a Rho inhibitor. The asterisks in panel E represent the sites of injection. The turquoise line is the distance NC
cells have migrated from the NTon the non-injected side (control). The fuchsia line represents the distance NC cells have migrated on the injected side. The dotted lines
delineate the edge of the NT used as a starting point for measuring. All measurements are taken at the first somite level. (F) The percentage of distance migrated by the
NC on the injected side compared to the non-injected side at 8 h post-labeling. Embryos were injected with either C3 Transferase (orange bar) or PBS (blue bar). (G, H
and I) Representative 40 μm thick transverse sections through embryos labeled with DiI and transfected with either control (G), RhoA-CA (H) or RhoA-DN (I)
constructs. Sections were cut from r6 to r8 at 28 h post-transfection. Only the transfected side of the embryo is shown. Migration of DiI-labeled NC cells on the non-
transfected side was normal and approximately commensurate with the transfected side. The arrows point to the most distal NC cell in each example. No significant
difference was observed in the most distal distance migrated between transfected NC cells (green) and control NC cells (DiI). Scale bars=100 μm. A(nt)=area of non-
transfected side; A(t)=area of transfected side; s=somite; NT=neural tube; OV=otic vesicle; ∗=pb0.0001; ∗∗=pb0.01.
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front of cells (Cai and Brauer, 2002). However, in these
previous studies, the formation of NC cell chain-like assemblies
was not observed during the time recorded. It was not the intent
of Cai and Brauer to study such migratory patterning, but tostudy the role of matrix metalloproteinases in cardiac NC cell
migration, whose involvement they convincingly show (Cai and
Brauer, 2002). Furthermore, in vitro time-lapse studies of post-
otic mouse neural folds did not report a two-phase migratory
pattern or NC cell chain migratory behaviors (Xu et al., 2001).
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such behavior but rather analyze the role of N-cadherin and
connexin 43 in cardiac NC cell migration (Xu et al., 2001). In
both cases, the formation of NC cell chain-like arrays was not
observed in vitro, suggesting that their formation is not a cell
intrinsic property. Further analysis will help to determine the
molecular mechanisms of this follow-the-leader behavior and
whether cell neighbor relationships established in the early
migration are important for the final pattern.
Perturbations to RhoA signaling altered NC cell filopodial
retraction, cell speeds and directionalities, suggesting that
retraction of the trailing edge and cell–cell contacts is also
important for NC cell guidance together with interpretation of
local microenvironmental cues. Constitutively active RhoA
increased the filopodial retraction rate and had an extension-to-
retraction ratio (E/R) less than 1 (Figs. 4D–F). NC cells
expressing RhoA-CA showed decreases in both cell velocity
(31.0% reduction) and directionality (17.7% reduction) (Figs.
4A, B). Because the filopodial retraction rate is slightly elevated
in the RhoA-CA scenario and E/Rb1, it is possible that the
filopodia are retracting before successful signaling/guidance
information is conveyed to the cell. This would result in a loss
of directionality and a delay in migration as the cell searched for
the proper direction. It would also hinder the trailing NC cell's
ability to actively follow a lead cell, as we observed (Figs. 5A–
J). Alternatively, the expression of RhoA-CA may increase the
number of mature focal adhesions and therefore decrease the
overall contractile capacity of NC cells. Zhang and colleagues
observed this when constitutively active RhoAwas expressed in
human lung fibroblasts (Wi-26) in vitro (Zhang et al., 2006). In
addition to having more focal adhesions and decreased
contractile capacity, Wi-26 cells expressing RhoA-CA dis-
played decreased cell velocities (Zhang et al., 2006). This was
attributed to mature focal adhesions exerting weaker propulsive
traction forces than small adhesions (Beningo et al., 2001;
Zhang et al., 2006).
While the directionality of RhoA-DN expressing NC cells is
statistically normal, the NC cell velocities were decreased
40.1% when compared to the controls. Interestingly, long
extensions formed in the direction of migration on a subset of
the RhoA-DN expressing cells with slow cell body movement.
This was reflected in the 28% increase in the ratio of filopodial
extension to retraction (Fig. 4F). This supports previous data
that RhoA activity is not only required for filopodial retraction
but cell body movement; Causeret and colleagues showed
pharmacological inhibition of Rho in cultured pre-cerebellar
neurons enhanced axon outgrowth but prevented nuclear
migration toward a netrin-1 source (Causeret et al., 2004).
What affect does this have on NC cell collective migration? It
appeared that even though the RhoA-DN expressing lead cell
increased its surveying activity at the leading edge, unless the
cell body moved forward, a trailing cell did not follow a lead
cell (Figs. 5K–T).
Perturbation of RhoA signaling disrupted the global cell
migratory pattern, suggesting that alteration of the navigation
abilities of individual NC cells may be sufficient to disrupt or
delay the global migratory pattern (Fig. 3). The initialemergence of post-otic NC cell migration was observed,
however the shape of the trailing NC cell chain-like arrays
was less distinct (Fig. 3). Perturbations to RhoA function did
not appear to affect the number of migrating NC cells (Figs.
6A–C). Previous experiments that dramatically increased or
decreased the production and number of migrating NC cells
showed that the pattern of discrete NC cell migratory streams
was maintained (Del Barrio and Nieto, 2004; Liu and Jessell,
1998). Thus, altering the navigation abilities of individual NC
cells may be sufficient to disrupt or delay the formation of the
NC migratory pattern (Fig. 3), whereas changes to the number
of migrating cells do not appear to do so.
Interestingly, there was relatively little difference in the total
lateral distance migrated in RhoA perturbed NC cells analyzed
in stage matched embryos (Fig. 6). There were, however, altered
cell velocities and directionality in RhoA perturbed embryos
during the initial migratory phase of the NC cells from the NT to
the branchial arch entrances. This suggests that other small Rho
GTPases may compensate for the change in RhoA activity in
the NC cells during their migration into the branchial arches and
to final peripheral destinations. Alternatively, RhoA may play
an important role in the early migration from the NT towards the
branchial arches, but not in the later invasion. If a different
GTPase compensates for the lack of proper RhoA activity or is
used during migration through the branchial arches, how do the
RhoA perturbed NC cells end up at the precise peripheral
locations (Fig. 6) if the cells are delayed initially? Two
possibilities are that NC cells with perturbed RhoA signaling
may eventually recover complete migratory abilities or catch up
to normal NC cells waiting for further guidance. In support of
the latter, we observed that initial emerging post-otic NC cells in
control embryos arrived at the entrance of the branchial arches,
but did not immediately invade (as an example, see Fig. 1). NC
cells that migrated laterally from r6 did not continue invasion
into the 3rd branchial arch, rather NC cells slowed while r7 and
r8 NC cells continued to migrate lateral (Fig. 1). It is possible
r5–r6 NC cells wait for an invasion signal to enter the branchial
arches. In chick, pre-otic NC cells lacking neuropilin-1 fail to
invade the 2nd branchial arch 2, suggesting a separate invasion
signal or distinct local microenvironment within the 2nd
branchial arch (McLennan and Kulesa, 2007). This temporal
delay to invade may allow the RhoA perturbed NC cells time to
overcome any spatial difference due to poor navigation and
arrive at peripheral destinations in time to prevent patterning
defects.
In conclusion, we have constructed a post-otic NC cell
migratory pattern timeline and analyzed cell migratory
behaviors in normal and RhoA perturbed embryos. It remains
to be investigated how cellular and molecular mechanisms sort
the post-otic NC cells into the specific branchial arches. We
demonstrate a role for RhoA to control the temporal dynamics
of NC cell–cell interactions and cell movement to ensure
accurate NC cell navigation and collective migration. Under-
standing the nature and duration of the NC cell–cell contacts
will help shed light on cell neighbor relationships and local NC
cell guidance. Future studies will have the challenge to resolve
the molecular mechanisms at the individual NC cell level that
170 P.A. Rupp, P.M. Kulesa / Developmental Biology 311 (2007) 159–171lead to the precise programmed invasion of the post-otic neural
crest.
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